Field experiments were conducted to evaluate the effect of the fumigants chloropicrin and metam sodium on soil populations of Verticillium dahliae, disease incidence, and peanut yield and grade. Chloropicrin was ineffective at reducing soil populations of V. dahliae. The application of chloropicrin provided a 7 to 10% reduction in incidence of Verticillium wilt; however, there was no effect on yield or grade. Applications of metam sodium reduced soil populations of V. dahliae, but did not impact disease incidence, yield, or grade. Although fumigants had a minor effect on V. dahliae and disease incidence, the lack of a response in yield or quality limits the use of these chemicals in a production system.
Introduction
The soilborne fungus Verticillium dahliae Kleb., causal agent of Verticillium wilt, has a very broad host range including more than 400 plant species. Verticillium wilt is the most economically important disease of cotton on the Southern High Plains of Texas. The disease was first reported infecting peanut (Arachis hypogaea L.) in New Mexico in 1950 (11) , and is responsible for significant yield losses in New Mexico, Oklahoma, and Texas (14) . The fungus is capable of surviving for long periods of time in soil as microsclerotia. Pullman and DeVay (9) found that disease incidence in cotton is positively correlated with inoculum density; however, this relationship is poorly understood in peanut. Initial infections occur early in the growing season; however, symptoms are generally not observed until pod fill. Symptoms consist of marginal chlorosis or necrosis of foliage ( Fig. 1) , and light to dark brown discoloration in the vascular bundles of roots and leaf petioles (Fig. 2) . Disease incidence levels as high as 60% have been observed in fields heavily infested with V. dahliae (J. E. Woodward, unpublished data). The integrity of peanut plants diminishes as the disease progresses and plants may die (Fig. 3) . The weakening of vines often requires that peanut be dug prematurely in order to preserve yield. Cool temperatures and high soil moisture favor fungal growth and development. Bell and Presley (1) found that temperatures between 22° and 27°C were optimal for growth and sporulation of V. dahliae. Furthermore, high levels of irrigation or rainfall are thought to decrease soil temperatures, thus increasing severity of the disease.
The use of partially resistant cultivars is recommended to manage Verticillium wilt in cotton. Preliminary reports indicate that none of the commercially-available peanut cultivars used on the High Plains are resistant to the disease (14) . Crop rotation is an ineffective option because of the viability of microsclerotia and the limited non-host rotation options for this region. The majority of rotation crops traditionally grown on the High Plains, such as cotton, chili pepper, and watermelon are susceptible to infection by V. dahliae. Furthermore, no fungicides are labeled for use against Verticillium wilt unlike most other diseases that affect peanut. Soil fumigants, such as chloropicrin and metam sodium, are used to manage Verticillium wilt in potato (2, 8) . These products are also used to manage Verticillium wilt in other crops such as strawberry, tomato, and cauliflower. Little information exists regarding the use of these fumigants against Verticillium wilt in peanut. The injection of metam sodium is recommended in Virginia (7) and Georgia (5) for the management of Cylindrocladium black rot. Krikun and Frank (6) found that metam sodium decreased soil populations of V. dahliae and reduced disease severity when applied through sprinkler irrigation compared to non-treated controls in Israel; however, the impact on yield was not reported. The lack of reliable Verticillium wilt management options warrants evaluation of tactics that may negatively impact V. dahliae and/or reduce damage caused by Verticillium wilt. The objectives of this study were to evaluate the impact of chloropicrin and metam sodium on soil populations of V. dahliae and to determine the effects of these fumigants on disease development, and peanut yield and grade.
Description of Fields Used to Evaluate Fumigants
Chloropicrin trials. Two field experiments were conducted in Gaines Co. Both fields had a history of severe Verticillium wilt and Sclerotinia blight. The soil type at these locations was a thick-surfaced, Brownfield, fine sand with a 
Pre-plant Applications of Fumigants
Chloropicrin (Pic-Plus, Hendrix and Dail Inc., Greenville, NC) was applied at rates of 77 and 154 kg/ha into the rye cover crop on 5 April 2008 by a commercial applicator. The chemical was injected 20 cm deep using a 91.4 cm diameter coulter and trailing chisel shank on a tractor mounted applicator (Fig.  4) . Metam sodium (Vapam HL, AMVAC Chemical Inc., Los Angeles, CA) was applied at rates of 25, 36, and 72 kg a.i./ha in Gaines Co., and 36 and 72 kg a.i./ha in Terry Co. The fumigant was applied in 187 liter of water per hectare by injection to a depth of 25 cm using shanks spaced 91.4 cm apart (Fig. 5) . Nontreated plots were included in each trial for comparison. All applications were made 2 to 3 weeks before planting at each location. To seal the soil surface and reduce volatilization, plots were irrigated with approximately 1.3 cm of water immediately after application.
Experimental Design, Data Collection, and Analysis
Treatments were arranged in a randomized complete block design with six replications, except the Terry Co. trial which had three replications. Populations of V. dahliae were enumerated 7 days prior to and 21 days after fumigants were applied. Composite soil samples (10 cores taken to a depth of 20.3 to 40.6 cm) were collected from each plot. Samples were placed on the lab bench and airdried for 1 week. Dried soil samples were assayed for microsclerotia of V. dahliae by dilution plating. In the assay, 20 cm³ soil were added to 80 ml of water, stirred vigorously and five, 1-ml aliquots added to semi-selective media (13) . This process was repeated once for each sample with an additional 20 cm³ soil in 80 ml water for a total of 10 Petri dishes with 1 ml aliquots per sample. Soil was rinsed off the Petri dishes after 14 days and germinating microsclerotia were counted using a dissecting microscope. Disease incidence was assessed starting in mid-August by visually estimating the percentage of plants exhibiting symptoms of Verticillium wilt. Plots were dug and inverted based on pod maturity and allowed to cure in windrows prior to harvest. Yields were determined by weighing harvested pods and peanut quality [% sound mature kernels + sound splits (SMK+SS)] was determined by grading sub-samples of pods and kernels from each plot (12) . Data were analyzed using the ANOVA procedure (SAS v.9.1; SAS Institute Inc., Cary, NC), and means were separated using Fisher's protected LSD (P ≤ 0.05).
Effects of Fumigants on V. dahliae Microsclerotia and Verticillium Wilt
Chloropicrin trials. Differences in pre-fumigation microsclerotial densities were observed between the two trials (data not shown); however, the lack of a treatment by trial interaction allowed for pooling of data. Prefumigation densities of microsclerotia were similar among plots (Table 1) , and were not reduced significantly by application of chloropicrin. Significant differences in incidence of Verticillium wilt were observed between treatments with and without chloropicrin ( Table 1 ). Disease incidence was highest for the non-treated control at 54.4%, and 47.8% and 45.2% for the low and high rates of chloropicrin, respectively. Pod yields for the non-treated control (5262 kg/ha) did not differ when compared to plots treated with the low and high rates of chloropicrin, and the application of chloropicrin had no affect on % SMK+SS (Table 1) , or other grade factors (data not shown). 
Metam sodium trials. No differences in initial populations of V. dahliae
were observed between treatments in either of the two trials (data not shown); therefore, data were averaged across treatments. Baseline populations averaged 18 and 42 microsclerotia/cm³ soil for Gaines and Terry Co. Post-fumigation densities of microsclerotia were similar to baseline densities in the non-treated controls. The application of metam sodium reduced microsclerotial densities compared to the non-treated controls; however, increasing the rate of metam sodium did not further decrease microsclerotial densities. Disease incidence averaged 61.3% in Gaines Co. and 31.7% in Terry Co.; however, no treatment differences were observed (Table 2) . Yields were similar for all treatments, ranging from 4656 to 5103 kg/ha and 4467 to 4654 kg/ha for each respective location (Table 2 ). No differences in grade were observed with increasing rates of metam sodium (Table 2) . Table 2 . Effect of rates of metam sodium on microsclerotial densities of Verticillium dahliae in soil, incidence of Verticillium wilt, and peanut yield and 
Implications of Fumigation and Verticillium Wilt in Peanut
Numerous studies report on the efficacy of combinations of chloropicrin and methyl bromide in the management of Verticillium wilt; however, chloropicrin primarily served as a worker safety indicator for toxic fumes because methyl bromide alone is odorless (3). Henis and Bar (4) found that microsclerotia of V. dahliae are sensitive to chloropicrin and it has been evaluated as an alternative to methyl bromide in other crops such as potato, tomato, strawberry, and cauliflower. Results from this study indicate that chloropicrin was ineffective at reducing populations of V. dahliae in soil at the rates evaluated. Although, the use of chloropicrin reduced Verticillium wilt incidence compared to the nontreated control, the level of suppression achieved was insufficient.
Metam sodium provides a wide spectrum of activity towards soilborne pests. In peanut production, fumigation with metam sodium is used primarily for management of CBR (5, 7) . Due to the increasing importance of Verticillium wilt on the Southern High Plains of Texas, all potential management strategies including fumigation need to be investigated. Results from this study indicate that metam sodium possesses biological activity against V. dahliae which is consistent with previous reports from Israel (6) .
Fumigation with metam sodium is highly effective at reducing the number of viable microsclerotia and disease incidence, while increasing yields in potato fields with a history of potato production and/or Verticillium wilt (8) . Use rates in our studies ranged from 25 to 72 kg a.i./ha, which are similar to rates used for management of Cylindrocladium black rot of peanut (5,7) but well below the application rates of 135 to 270 kg a.i./ha recommended for soil injection in potato. An increase in use rate did not improve the level of activity against V. dahliae in our studies and higher rates would be cost prohibitive. Although metam sodium suppressed soil populations of V. dahliae, usage apparently did not reduce microsclerotial densities below an economic threshold. Metam
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(microsclerotia per cm³ soil) sodium may be more effective when applied in a preventative manner to fields with lower inoculum densities; however, additional studies are needed for justification. Several factors including soil type, temperature, physical properties, pH, and water holding capacity are known to impact the efficacy of metam sodium (10) . Soil temperatures below 10°C will disrupt the generation and dissipation of methyl isothiocyanate (7) . Soil temperatures at the time of fumigation were well above these levels (16.4 ± 1.8 °C) and adequate soil moisture was present (data not shown). The application of irrigation immediately after fumigation sealed the beds, thus reducing volatilization; however, the low carrier volume used in the injection of metam sodium coupled with dry windy conditions may have adversely affected the distribution of fumigant. Furthermore, additional information regarding the relationship between microsclerotial density of V. dahliae in soil and disease development are warranted.
